Abstract-This paper discusses a measurement principle for online moisture determination of wood pellets that is based on capacitive sensing. To ensure reliability and proper operation of the sensing device even under harsh industrial conditions, a robust principle based on a frequency hopping approach is required. Therefore, we investigate the impact of multiple carrier frequencies and analyze the frequency dependency of the material permittivity. Two different electrode topologies, one based on parallel plates and the other on a planar structure, are tested using a laboratory prototype in a drying chamber. Investigations on the applicability of capacitive moisture measurement are carried out using stationary conditions. The non-invasive and in-situ moisture content determination of wood pellets in a screw conveyor is presented as an application of the proposed principle.
calorific value of fossil fuels. The determination of the moisture content is also required for accurate billing, since the amount of water in a product may significantly affect its nominal weight and price.
Various techniques are known to estimate the moisture content in granular material and powders:
A standard technique is usually based on oven drying [2] , which is destructive and time consuming and requires taking representative samples of the transportation medium. Microwave spectroscopy has been found to be a suitable technique to determine the moisture content in granular material and agricultural goods [3, 4] . Electrical Time Domain Reflectometry (ETDR) is used to measure the material moisture content by means of exploiting the time needed for an electromagnetic pulse to travel forth and back through a sensing probe [5] . The moisture content can also be determined by using neutron moisture gauges, which exploit the dependency of neutron parameters on the average hydrogen concentration [6] . Infrared and laser light absorption spectroscopy are applied for the measurement of the surface moisture content in various substances [7] .
Capacitive sensing has gained increasing importance in the last decades and is successfully employed in various applications in industrial and automotive technologies [8] . Due to the high relative permittivity of water (ε r,water of about 80), capacitive techniques are typically well-suited for moisture measurement in bulk solids [1, 9] .
Dry wood has a relative permittivity ε r,wood typically between 2 and 3.5, but at the same time wood can contain more than 50 % water relative to its total mass, causing significant changes in permittivity [10] . The variation of the material permittivity and hence the variation of the moisture content can be measured as a change in capacitance when the test material is located inbetween two electrodes.
However, the use of a parallel-plate structure with bulk solids as a dielectric to be examined may be restricted since the distance between the plates is limited for certain applications. A planar structure may therefore be more versatile and allows suitable, predefined penetration depths of the electric field according to the inter-electrode gaps. The test box is designed to enable investigations with a variable length in-between the two faces with electrodes. The inner electrodes are connected with shielded wires and are fed through the box walls to connect the evaluation circuitry. Figure 1 shows the setup of the empty box that is then filled with the test material and Figure 2 shows the electrode topology used for the test box.
(a) (b) Figure 1 . Photos of the test box with electrode topology [13] . Photo of the measurement setup with drying chamber on a digital scale and the test box with material inside the drying chamber [13] .
With the test box, two different setups can be investigated without hardware modifications -a parallel plate setup and a planar setup. Figure 4 shows the two types of sensing setups with the electric field obtained from Finite Element Method simulations plotted between transmitter and receiver electrodes. It can be seen that for the given dimensions, the planar setup features less penetration depth and rather local sensitivity, which is dependent on the gap between the electrodes and which hence can be considered in the design of the electrodes. The parallel plate setup on the other hand measures "through" the box and hence also center regions are considered for this type (i.e. also the moisture content of the material in the center affects the capacitance). 
b. Capacitive Measurement Equipment
The sensing unit basically consists of a 12-bit Capacitance-to-Digital integrated circuit [14] that has been connected to an Analog Devices Blackfin DSP board [15] , which is linked to the inhouse Local Area Network. A National Instruments LabView 8.2 application on a standard PC carries out further signal processing and visualization.
The inter-electrode capacitance between a transmitter electrode and one (or more) receiver electrodes are obtained by exciting the transmitter with a certain carrier frequency. With our sensing unit, we can select several electrodes to be used as transmitters and receivers and we can also select several carrier frequencies from about 500 kHz to about 30 MHz.
c.
Material under Test
Wood pellets are cylinder-shaped with uniform diameter and usually vary in length. For the pelleting process wood is dried, milled and pressed through a matrix. Lignin, which is a natural component of wood, serves as a binding agent in the pelleting process and no further additives are required. For the investigations carried out, the material diameter was 6 mm and the length of the material was in the range from 3 mm to 32 mm. Even though a moisture content of 10 % or 12 % will affect the calorific value of wood pellets only by a few per cent [11] , any amount of energy to heat up and to evaporate bound water is taken from the combustion and makes this process less effective at the combustion site. Detecting small changes in material moisture, as expected for a variety of applications, is of course a central issue with electrical measurement [10] .
For wood and wood pellets, the moisture content is commonly measured as weight loss by convection drying until a constant mass in hot air at 103 °C in a drying chamber [12] .
III. ANALYSIS OF THE FREQUENCY DEPENDENCY
An industrial sensing device that has to be operated under harsh environmental conditions has to feature a robust design. This does not only include a resistant, non-invasive principle, but also robustness in terms of Electromagnetic Compatibility (EMC). One commonly used approach to improve EMC for capacitive sensing is frequency hopping, allowing the device to switch to a different carrier frequency when narrow band distortions occur.
The permittivity of wood (pellets) shows both a certain temperature dependency as well as a frequency dependency and hence the capacitance measured is temperature and frequency dependent [16] . We therefore analyze the narrow band frequency dependency of the material using the measurement setup presented in Section II.a.
a. Measurement Procedure
The inter-electrode capacitance for the steady drying material is measured for different electrodes and different carrier frequencies. A full measurement cycle comprises the subsequent measurement of seven electrode patterns and one reference measurement for four different carrier frequencies each. Figure 5 shows the seven different measurement cases for the planar (cases 1, Figure 6a shows the normalized capacitance over time for the planar type (case 1 in Figure 5 ). During the first couple of minutes the capacitance increases due to the increasing temperature in the warm-up of the drying chamber. After this phase, constant material temperature can be assumed in the sensitive measurement volume and the capacitance decreases due to the decreasing moisture content of the wood pellets. For this electrode pattern (case 1 in Figure 4 ), the setup is sensitive to regions close to the box wall (also compare Figure 4a ). Figure 6b shows the capacitive measurement data over weight information acquired with the digital scale. Also here, the warm-up of the cold material with high moisture content (i.e. high material weight) causes a non-monotonous characteristic while the further characteristic during the drying phase is rather linear. After about eight hours of drying, no significant capacitance variation can be observed. Norm. Capacitance [-] Planar Type -Norm. Capacitance over Time Figure 6 . Characteristic of the normalized capacitance for the planar configuration during the drying process: (a) Normalized capacitance over time and (b) Normalized capacitance over weight. Please note that the temperature of the pellets increased at the beginning of the drying process. This implies that the readouts above 2.5 kg are strongly affected by the temperature change. Below this weight, the characteristic is mainly determined by the moisture content [13] . Figure 7 shows measurement results for the parallel plate configuration (i.e. case 6 in Figure 5 ).
In this configuration, the setup is also sensitive to center regions (compare Figure 4b) . Figure 7 . Characteristic of the normalized capacitance for the parallel plate configuration during the drying process: (a) Normalized capacitance over time and (b) Normalized capacitance over weight [13] .
As can be seen in the measurement results of Figure 6 and Figure 7 , it takes longer for the material in the middle of the box to heat up and dry than for regions close to the box wall. The weight signal of the scale over drying time is shown in Figure 8 . Also the weight signal indicates that after about eight hours, the material can be considered as fully dried. 
IV. MOISTURE MEASUREMENT WITH SPATIAL RESOLUTION
The electrode patterns shown in Figure 5 are used with a constant carrier frequency of 9.85 MHz to measure the moisture content of the test material. Figure 9 shows the measured capacitance variation during the drying process for the planar type setup (i.e. case 1 and 3 in Figure 5 ). It can be seen that for the smaller gap (case 1), the setup features higher sensitivity. The capacitance increases during the first period of drying since the material is heated up and hence the capacitance is affected due to the temperature dependency. After reaching constant temperature, the capacitance decreases due to decreasing material moisture. Material closer to the box wall obviously reaches constant temperature earlier than material in center regions, which can be seen in the time shifted peak in Figure 9a (the sensitive volume for case 3 covers deeper layers while case 1 is highly sensitive to layers close to the box wall). Figure 10 shows measurement results for the parallel plate type setup (case 6 and 7 in Figure 5 ).
Overlapping effects of drying (i.e. loosing moisture) and heating up (i.e. increasing material temperature) again can be made responsible for the non-monotonous characteristic at the early (a) (b) Figure 9 . Measurement results of inter-electrode capacitances for the planar type setup (case 1 and case 3 in Figure 5 ) for (a) Capacitance variation over drying time and (b) Capacitance variation over recorded weight. Figure 10 . Measurement results of inter-electrode capacitances for the parallel plate type setup (case 6 and case 7 in Figure 5 ) for (a) Capacitance variation over drying time and (b) Capacitance variation over recorded weight.
V.
APPLICATION: SCREW CONVEYOR
Screw conveyors operated at low speed are standard feeder devices with biomass combustion systems [17, 18] . The fed materials for these applications are typically wood pellets or wood chips. For an efficient control of the mostly continuously driven combustion process, information on the water content of the material (i.e. material moisture) is of interest, as there is a direct impact on the calorific value [11] . This is particularly important with inhomogeneous material such as wood chips, as with this material sudden variations of the moisture content are more likely to occur. In previous investigations [19, 20] , it could be shown that both fill level and revolution speed of a screw conveyor can be measured by means of capacitive sensors.
A screw conveyor for laboratory purposes has been developed, comprising a metal screw driven by a DC motor housed in an acrylic pipe. The dimensions of the conveyor are: 1000 mm total in length, 100 mm screw and inner pipe diameter, and the wall thickness of the acrylic pipe of 5 mm.
The electrode topology of the measurement setup basically comprises two segmented transmitter rings and a single receiver ring electrode in-between the transmitter layers (see Figure 11 ). The second transmitter layer is used to observe radial movement of material. For experiments reported in this paper, only one transmitter layer has been employed. Each transmitter layer consists of 16 electrodes.
(a) (b) Figure 11 . Screw conveyor measurement section: (a): Electrode setup (from left to right: shielding ring, segmented transmitter ring of first transmitter layer, common receiver ring, segmented transmitter ring of second transmitter layer, shielding ring and (b): Photo of the setup [10, 20] .
Standard wood pellets made from spruce were used as test material. For one measurement, the capacitance between one transmitter electrode and the common receiver is determined, the circuitry then switches to the next transmitter etc. This is performed continuously at an overall rate of about 20 Hz for a full measurement cycle or 320 single measurements per second. The excitation frequency of the transmitter segments with respect to ground was set to 10 MHz.
To investigate if the determination of the moisture content is also applicable during operation of the screw conveyor, samples of different moisture content are conveyed through the setup. The revolution speed of the conveyor is kept constant. The procedure comprises the following steps:
1. Six to ten revolutions of the screw without material (to verify that the capacitance values do not drift over time).
2. Seven to ten revolutions of the screw filled with constant amount of material with certain moisture content.
3. Another six to ten revolutions of the screw without material.
This procedure is repeated for five samples with a material moisture content of 3.2 %, 4.1 %, 5.1 %, 6.7 %, and 8.4 %.
A typical measurement matrix for the measured capacitances of the 16 electrodes obtained during operation for the procedure described above is shown in Figure 12 . The periodicity is due to the revolution of the screw with its metal blade. It can be seen that during material transportation, the material covers the bottom electrodes 6 to 12 and hardly affect top electrodes.
When the maxima in the signals of the capacitance matrices are evaluated (i.e. when a maximum value is calculated for each electrode during conveying of material with specific moisture content), the dependency of the capacitance maxima on the material moisture content can be analyzed.
It can be assumed that a variation of the bulk density is negligible for an insertion of constant amounts of material per screw revolution, especially when the signals of the bottom electrodes are evaluated. Project number L355-N20.
